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The r eac t ion  between f l u o r i n e  gas and copper metal  has  

been s tud ied  a t  450° C and pressures  from 10 t o  130 mm Hg. 

The r eac t ion  was pressure  dependZn.t and followed t h e  logar -  

i thmic l a w ,  y = K log  ( a t  f C ) .  

K 

The logari thmic r a t e  conskant 

va r i ed  with pressure  according t o  t h e  equation log  K = m 

log  Fflvhere m i s  equal t o  0.715. 1 Analysis of t h e  corrosion ~ 

I 

I f i l m  y ie lded  a r a t i o  F/Cu of 1.11. A r e a c t i o n  mechanism i s  

pos tu l a t ed ,  and from evidence presented f l u o r i n e  i s  consid- 
I 

- ered t h e  migrat ing spec ies  i n  the  r eac t iop .  

INTRODUCTION 

I n  t h e  study of gas-so l id  r eac t ions  t h e  v a r i a b l e s  t o  

cons ider  from a k i n e t i c  p o i n t  of view q r e  t h e  e f f e c t s  t h a t  

t ime, temperature,  and pressure  have on t h e  r a t e  of r eac t ion .  

These v a r i a b l e s  have been s tudied i n  d e t a i l  f o r  t h e  r e a c t i o n s  

of meta ls  wi th  oxygen, and many mechanisms have been pos tu l a t ed  

t o  account f o r  t h e  da t a ;  however, very l i t t l e  k i n e t i c  work 

has  been attempted with t h e  more r e a c t i v e  f l u o r i n e .  The 

r e a c t i o n  of copper f o i l  and f l u o r i n e  gas katTe hns been s tud ied  

a t  cons t an t  pressure  and over the temperature range of 427 
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t o  6 4 9 O  C ( r e f .  1). An increase  i n  t h e  temperature r e s u l t e d  

not only i n  an inc rease  i n  t h e  r a t e  sf - - - - + * - - -  L - - L  r ~ ~ ~ t , ~ ~ ~ ~  UUL a l s o  i n  , 

a change of r a t e  l a w .  The simple power l a w  yn = k%. lrbas 
t 

app l i cab le  a t  t h e  lower temperatures,  while t h e  logari thmic 

law y = k' l og  a(* + k" )  was obeyed a t  t h e  highel? temp- 

e r a t u r e s .  

Other s t u d i e s  of metal-gas r e a c t i o n s  have reposted 

both pressure  dependent and pressure  independent r e l a t i o n -  

sh ips .  Hale, e t . a l .  ( r e f .  2), found t h a t  t h e  n i cke l - f luo r ine  

r eac t ion  was pressure  dependent a t  high temperatures 

(594 t o  815' C )  and pressures  from 76 t o  760 mm Hg. Brown, 

Crabtree,  and Duncan ( r e f .  3 )  working a t  lower temperatures 

(100 t o  250' C )  and p res su res  ( 6  t o  60 mm Hg) found n o  

pressure  e f f e c t  f o r  t h e  reac t ion  between copper powder 

and f l u o r i n e .  J a r r y  ( r e f .  4 )  using r a d i o t r a c e r  techniques 

t o  s tudy t h e  mechanism of niokel f l u o r i n a t i o n  has r epor t ed  

t h a t  f l u o r i n e  i s  t h e  migrat ing spec ie s  i n  t h e  n i cke l - f luo r ine  

r e a c t  ion.. 

The objec t  of t h i s  inves t iga t ion .  was t o  study t h e  

e f f e c t  of p ressure  on. t h e  react ion.  of copper and f l u o r i n e  

a t  450' C and subatmospheric pressures  and t o  s e t  up a 

prelimin.ar-y model of t h e  mechanism. 

APPARATUS 

Figure  ('1) i s  a schematic diagram of t h e  apparatus  

used f o r  ltzhe experiments. The en. t i re  system was pyrex g l a s s  
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except f o r  t h e  pressure  pickup and t h e  conneation between 

t h e  system and t h e  b o t t l e  of high-puri ty  f l u o r i n e  (99 .8  

pe rcen t )  

packed Swagelok f i t t i n g .  The cold t r a p ,  containing 

which c n n s i s t e d  cf c ~ p p e r  t G b i r i g  a n 6  a Teflon- 

methyl cyc1ohexan.e s lu sh  (-1160 C ) ,  was used t o  remove 

any hydrogen f l u o r i d e  contaminant i n  t h e  f l u o r i n e  gas. 

The f l u o r i n e  was assayed by the mercury-reflux method 

( r e f .  5 ) .  The mercury manometer used t o  measure t h e  

pressure  i n  t h e  s to rage  bulb had a p r o t e c t i v e  l a y e r  of 

f luorocarbon o i l  f l o a t e d  on t o p  

t h e  r eac t ion  of mercury and  f l u o r i n e .  

ground-glass j o i n t s  were lub r i ca t ed  w i t h  f luarocarbon 

gkease. 

of t h e  mercury t o  prevent 

All stopcocks a n d  

The quar tz  r eac t ion  tube was heated by a nichrome 

wound furnace,  and  i t s  temperature was con t ro l l ed  t o  

10 C .  

a s t a i n l e s s - s t e e l  t ransducer  connected t o  t he  system by a 

Monel-to-glass ground j o i n t .  

percent  p u r i t y  as purchased was used as t h e  purging gas .  

The pressure  i n  t h e  r eac t ion  zone was measured by  

Ultradry argon of 99.995- 

PROCEDURE 

Before t h e  system was put i n t o  use,  i t  p&s pzssiwated 

by repeated p res su r i za t ion  w i t h  f l u o r i n e  followed by pro- 

longed evacuation. A s  a r e s u l t  of t hese  s t e p s ,  t h e  concen- 

t r a t i o n  of impur i t i e s  adsorbed on the walls was reduced t o  

a n e g l i g i b l e  value.  

only 0.23 mm H g  i n  7 . 5  hr,  which f o r  t h i s  s tudy was i n s i g -  

n i f i c a n t .  

/ 

For blank runs t h e  pressure  changed 
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High-purity copper (oxygen content  less than  0.002 

percent  as determined by vacuum f u s i o n ) ' w a s  used f o r  t h e  

metel gpezirncr;~. 

by 0.005 cm p l a t e s  were cleaned by us ing  (1) t r i c h l o r e t h a n e ,  

(2) a p e r c e n t  n i t r i c  a c i d ,  and  (3)  d i s t i l l e d  water,  acetone,  

a n d  a lcohol  r i n s e s .  

hea t  t reatment  c o n s i s t i n g  o f  heat ing 0.5 hr a t  538' C i n  

vacuum. Af te r  pretreatment ,  the furnace  was ad jus t ed  t o  

t h e  appropr i a t e  temperature a n d  f l u o r i n e  was introduced t o  

t h e  des i r ed  pressure .  

of known volume was a measure of t h e  f l u o r i n e  consumed. 

A s  f l u o r i n e  was consumed, more f l u o r i n e  was added t o  t h e  

r e a c t i o n  sec t ion  t o  m a i n t a i n  the pressure  w i t h i n  - 2 mm 

H g  of t h e  i n i t i a l  value. The run was continued u n t i l  t h e  

The speciilieris i n  t h e  form of 1 .3  by 15.3 

A l l  samples were given a s tandard pre-  

The drop  i n  p ressure  i n  t h e  system 

+ 

consumption of f l u o r i n e  had decreased t o  a n ,eg l ig ib le  value. 

From t h e  incremental  p ressure  drops and  the  c a l i b r a t e d  

volume of t h e  system, t h e  amount of f l u o r i n e  consumed was 

ca l cu la t ed .  A t  t h e  end of each run t h e  furnace was cooled 

t o  38' C before  t h e  f l u o r i n e  was pumped out of t h e  system 

through the soda lime t r a p s .  The system was then brought 

up t o  atmospheric pressure  w i t h  argon and t h e  copper p l a t e  

was removed t o  a sample holder  under flowing argon and sea led  

f o r  l a t e r  examinat ion.  

RESULTS 

The d a t a  obtainbd over a presssure range of 10 t o  130 mm H g  

a t  450' C a r e  shown i n  f i g u r e  2 where y,  t h e  f l u o r i n e  



consumed i n  ml per  sq cm of copper su r face ,  i s  p l o t t e d  as  

a funct ion of t ,  t h e  time i n  min .  A t  t h e s e  condi t ions i t  

car1 b e  seen tha t  t n e  r eac t ion  between copper a n d  f l u o r i n e  i s  

pressure  dependent. 
11 

I n  f i g u r e  3 ( a )  the data a r e  p l o t t e d  accord- 

- i n g  to t h e  logar i thmic  equation y = K log  ( a t  + C )  where 

i s  taken as 

K 

i s  the logari th&c reac t ion- ra te  cons tan t ,  a 

u n i t y  w i t h  t h e  dimension of r e c i p r o c a l  time, and C I s  

taken at3 zero. 

however, a t  h igher  pressures  the  data no longer  f i t ,  and 

t h e r e f o r e  the mechanism must be d i f f e r e n t .  Data taken a t  

200° C and  200 mm Hg appear t o  obey t h e  same logari thmic law 

as t h e  low pressure  da t a  a t  450' C. The corrosion r a t e  of 

t h e  copper and f l u o r i n e  as descr ibed by  t h e  aforementioned 

These da t a  a r e  represented  by t h i s  expression;  

l o g  law i s  therefore inf luencedlby  both temperature and pressure .  

I n  f i g u r e  3 ( b )  data a t  450° C and 200 mm Hg a r e  p l o t t e d  w i t h  

similar data from r e f .  1 according t o  t h e  power law 

k t  and  t h e  consis tency i s  q u i t e  good. In  f i g u r e  4 t h e  t e s &  

condi t ions  s tud ied  a r e  shown on a temperature-pressure p l o t  

yn * 

wi th  t h e  symbols des igna t ing  under which s e t  of condi t ions  

t h e  k i n e t i c s  cQuld be described by  t h e  expression 

( a t  f C ) .  

r uns  t h a t  fol low t h e  l o g  l a w  of th i s  form (open symbols) and those  

y = K l o g  

The data can be divided r a t h e r  e a s i l y  i n t o  those  

runs  that  do not  y i e l d  t o  t h i s  law ( s o l i d  symbols). 

The v a r i a t i o n  of t h e  r a t e  cons tan t ,  K, w i t h  p ressure  a t  

450' C i s  shown i n  t h e  l o g  p l o t  of f i g u r e  5 where t h e  r a t e  

cons tan t  i s  p l o t t e d  as a function of t h e  f l u o r i n e  pressure  
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according to t h e  equation 

is  t h e  order  of the r e a c t i o n  w i t h  r e s p e c t  t o  t h e  f l u o r i n e  

~ L - ~ S S U L . ~  a n d  has t h e  vaiue of 0.715. 

l o g  k = m log  P+@.The s lope ,  m y  

-- - - -- - -- 

fin i n t e r e s t i n g  event was observed i n  that t h e  corroded 

metal spqcimens l o s t  t h e i r  p a s s i v i t y  when subjec ted  t o  heat 

and vacuum. I n  f i g u r e  6, a t  point  By t h e  f l u o r i n e  gas w a s  

pump& out of t h e  r e a c t i o n  s e c t i o n  t o  0.1~ pressure  and the 

pumping continued f o r  1 5  min. The r e a c t i o n  sec t ion  was 

tpBqjipressurized w i t h  f r e s h  f l u o r i n e  t o  10 mm H g .  

i n  f i g u r e  6, t h e  r eac t ion  starts anew. The same logari thmic 

l a w  also desc r ibes  this new Peact ion;  however, t h e  log- 

a r i t hmic  r a t e  cons tan t ,  K,  is  s l i g h t l y  lower for t h e  second 

react ibrr .  T h i s  same e f f e c t  w a s  observed by  Brown, e t . a l .  

fref.  3) i f  t h e  pumping was continued f o r  f o u r  days a t  

Woo C; however, i f  t h e  t i m e  of pumping were shortened t o  

1 6  hr a t  t h e  same temperatupe, he observed no e f f e c t .  In  

our  s t u d i e s  the re fo re ,  increas ing  t h e  temperature by  a faa-  

t o r  of f o u r  decreased t h e  pumping time b y  a f a c t o r  of abowt 

400. 

As seen 

The time i t  takes  f o r  t h e  r a t e  of r eac t ion  t o  decrease  

to a n e g l i g i b l e  value i s  of i n t e r e s t .  T h i s  time, which 

could be called t h e  pass iva t ion  per iod,  i s  a l i n e a r  func t ion  

of pressore  (shown i n  fig. 7 )  where t ,  t h e  time f o r  t h e  

r a t e  t o  decrease t o  a, neg l ig ib l e  va lue  i s  p l o t t e d  as  a f u n c t i o n  

of pressure .  
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Microscopic examination of t h e  corrosion f i l m  showed 

t h e  presence of both c l e a r  a n d  r e d  c r y s t a l s .  The r ed  

z~gstals 

The t o t a l  corrosion f i lm  was analyzed f o r  copper and 

f l u o r i n e  and t h e  r e s u l t s  i n d i c a t e  a F/Cu r a t i o  of 1.11. 

Unfortunately because of the  uns tab le  na tu re  of t h e  corro- 

s i a n  products,  they ogvlld not  be p o s i t i v e l y  i d e n t i f i e d .  

pPi-ouaDiy CuF and t h e  c o l o r l e s s  ones CuF,-. 

A photomicrographof some of these c r y s t a l s  a r e  shown i n  

f i g u r e  8. Most of t h e  films formed a t  450' C e x f o l i a t e d  

on cool ing,  and  examination of the metal  su r f ace  underneath 

revea led  many p i t s .  

DISCUSS I O N  

I n  s e t t i n g  up a t h e o r e t i c a l  model t o  understand b e t t e r  

t h e  mechanism of t h e  r e a c t i o n  between gaseous f l u o r i n e  and 

a copper sur face ,  i t  can be assumed tha t  when t h e  gas i s  

introduced t h e  r eac t ion  starts.  The f i r s t  t h i n  f i l m  of - 

r e a c t i o n  product forms a b a r r i e r  between t h e  two r e a c t i n g  

phases - copper and f l u o r i n e .  I n  order  f o r  t h e  r eac t ion  t o  

cont inue,  t he re fo re ,  i t  becomes necessary f o r  e i t h e r  one o r  

t h e  o t h e r  of t h e  phases t o  migrate ac ross  t h i s  b a r r i e r .  

Based on evidence presented l a t e r ,  i t  can be pos tu l a t ed  

that  t h e  r e a c t i o n  includes a t  l e a s t  t h e  fol lowing t h r e e  s t e p s :  

F luo r ine  i s  adsorbed on t h e  ou te r  su r f ace .  

F luor ine  migrates  through t h e  b a r r i e r  l a y e r .  

F luor ine  r e a c t s  w i t h  t h e  copper. 

(1) 

(2) 

(39 

I n i t i a l l y ,  s t e p  one i s  pfedominant, but as soon as a f i l m  

forms, s t e p  two Decomes r a t e  con t ro l l i ng .  The r e a c t i o n  



- 8 -  

i n  s t e p  t h r e e  i s  assumed t o  be very fas t  i n  comparison 

wAt, r i  t h e  r e a c t i o n s  i n  t h e  o ther  s t eps ,  a n d  thus  would 

not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o v e r a l l  r e a c t i o n  rate.  

If t h e  migration through the b a r r i e r  l a y e r  were s t r i c t l y  a 

d i f f u s i o n  con t ro l l ed  process,  t h e  data could be descr ibed 

b y  a pa rabo l i c  r a t e  law. A s  shown i q  f i g u r e  3a,'however, 

t h e  da ta  were best  descr ibed by a logari thmic r a t e  l a w ;  

and  t h e r e f o r e  t h e  r eac t ion  i s  n o t  e n t i r e l y  d i f f u s i o n  

con t r o l l e d  . 

. _ J  L .  

Severa l  t h e o r i e s  based on var ious hypo the t i ca l  r a t e  

determinipg mechanisms have been p u t  forward t o  explain 

t h e  f a c t  t h a t  under c e r t a i n  condi t ions t h e  corrosion of 

metals  obeys a logari thmic r a t e  law ( r e f .  6 ) .  

The logari thmic r a t e  equation as der ived by Vernon 

( r e f .  7 )  is  

W = K log  fat + C )  

where W i s  t h e  weight of corrosion products formed arid t 

i s  t h e  time. C would be u n i t y  i f  t h e  equation he ld  from 

t h e  onset  where t = 0 and W = 0;  however, i n  t hese  experi-  

ments a t  t = 0, W has some f i n i t e  value s ince  a f i n i t e  t i m e  

i s  r equ i r ed  f o r  t h e  r eac t ion  chamber t o  a t t a i n  t e s t  p ressure .  

By a p p l i c a t i o n  of t h e  method of Champion and Whyte ( r e f .  8 )  

f o r  eva lua t ion  of t h e  constant  C when t h e  curve does not  

pass through t h e  o r i g i n ,  C i s  evaluated as zero.  The log- 

a r i t hmic  ra te  constant  K should be s e n s i t i v e  t o  p re s su re  

i f  the  pressure  grad ien t  i s  considered t h e  d r i v i n g  f o r c e  of 
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t h e  gas  migration through t h e  product l aye r ;  then the  

f~sctinn nf molec i i l~s  that penetrate  t he  l a y e r  wouid b e  a 

func t ion  of pressure,  thus K would a l s o  become a func t ion  

of pressure.  T h i s  model i s  cons is ten t  w i t h  t h e  data where 

K was found t o  vary w i t h  pressure according t o  t he  e q u a t i m  

l o g  K = m log  P+. 

It i s  i n t e r e s t i n g  t o  speculate  on t h e  loca t ion  of t h e  

s p e c i f i c  r@ac t ion .  Two p o s s i b i l i t i e s  can be considered: 

(1) t h e  copper can migrate through t h e  b a r r i e r  l a y e r  and 

r e a c t  a t  the  f l u o r i d e / f l u o r i n e  i n t e r f a c e  OF ( 2 )  t h e  f l u m l n e  

can migrate  through t h e  bamiep l a y e r  and r e a c t  at t h e  

f luor ide /meta l  i n t e r f a c e .  Consider t h e  following. The v ~ a g  

i n  whiah t h e  r e a c t i o n  ra te  constant  varies wi th  p r e s a n w  

i n f e r s  at  which i n t e r f a o e  t h e  r e a a t i o n  i s  tak ing  placei 

For example, r eac t ions  a t  t h e  gas-corrosion l a y e r  i n t e r f a -  

u s u a l l y  a r e  cont ro l led  by d i s soc ia t ion  of t h e  a t t a c k i n g  

diatomic gas  and manifest  themselves i n  a r e a c t i o n  rate 

constant  t h a t  is a func t ion  of t h e  square r o o t  of the 

pressure  ( r e r . 9 ) .  The experimental data shows that t h i s  i s  

not  t h e  r e l a t i o n  between K and P under these  t e s t  

condi t ions.  Secondly, it has been found i n  our e a r l t e r  

work ( r e f .  1) t h a t  pretreatment of t he  metal  had a l a r g e  

e f f e c t  on t h e  r a t e .  

f l u o r i n e  in t e r f ace ,  such a d r a s t i c  e f f e c t  on t h e  r a t e  

would not  be expected from t h e  condi t ion of t h e  metal  w- 

f a c e  alone.  Last ly ,  microscopic examination of t h e  metal  

If the  r eac t ion  wefe a t  t h e  f l u o r i d e /  
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su r face  showed p i t s  v i s i b l e  on t h e  metal a f t e r  t h e  corrosion 

, film 'jv'as -r-emoved. Since p i t t i n g  i s  not the r e s u l t  of an 

i n i t i a l  a t t a c k  of a gas on a metal but r a t h e r  a l o c a l i z e d  

a t t a c k  f o r  a per iod of time, then t h e  gas must have d i r e c t  

access  to t h e  metal a s  t h e  corrosion cont inues t o  favor  

p i t  formation. These po in t s  t he re fo re  tend t o  i n d i c a t e  

t h a t  t h e  r ,eaction was c a r r i e d  o u t  on t h e  su r face  of t h e  

metal .  From t h h e  data and  f r o m  t h e  work of J a r r y  ( r e f .  4 )  

s t a t i n g  t h e  p r o b a b i l i t y  of f l u o r i n e  d i f f u s i o n ,  f l u o r i n e  i s  

considered t h e  migrat ing species  i n  t h e  copper-f luorine 

r e a c t i o n  and t h e  r e a c t i o n  i s  considered t o  take p lace  a t  t h e  

f luor ide /meta l  i n t e r f a c e .  

Three poss ib l e  ways f o r  the f l u o r i n e  t o  get  t o  t h e  

metal  would be (1) anion vacancy migration, ( 2 )  i n t e r s t i t i a l  

migrat ion,  and  ( 3 )  g ra in  boundary migration. A t t a c k  by 

migrat ion along g ra in  boundaries i s  common on metals  a t  

high temperature and  has been shown t o  b e  t h e  way f l u o r i n e  

r e a c t s  with n i cke l  ( r e f .  2 ) .  This ,  of course,  i s  poss ib l e  

also w i t h  copper; however, t h e  mechanism by which f l u o r i n e  

migra tes  through t h e  corrosion b a r r i e r  i s  still i n  quest ion.  
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Figure 3. - Fluorination of copper. 
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